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To define alterations in the magnitude of the left ventricular
outflow tract gradient during supine exercise, 10 patients with
hypertrophic obstructive cardiomyopathy were studied under
basal conditions and during exercise and recovery with simulta-
neous invasive hemodynamic measurements, particularly of the
peak to peak systolic pressure gradient across the left ventricular
outflow tract.
Basal outflow pressure gradient ranged from 0 to 89 mm Hg
(average 37.4 ± 9.6). No increase was observed during 5 min of
exercise (average 29.6 ± 10 mm Hg, range 0 to 91; P =NS), even
though arterial blood pressure, heart rate and cardiac index
increased significantly in association with a decrease in peripheral
vascular resistance. However, a rapid and highly significant
increase in left ventricular outflow gradient occurred after exer-
Development of dynamic obstruction to left ventricular
outflow in hypertrophic cardiomyopathy has been of major
interest since it was first described by Brock (1) in 1957. A
large number of invasive hemodynamic studies, mostly
undertaken in the early 1960s, demonstrated that this gradi-
ent is labile and can be altered by provocative maneuvers in
the cardiac catheterization laboratory. Maneuvers such as
the Valsalva maneuver, amyl nitrite inhalation, isoprotere-
nol infusion and premature ventricular beats influence ven-
tricular volume, contractility and systemic resistance (2-8).
Subsequently, it has been generally accepted that an in-
crease in contractility during exercise should produce the
same instantaneous changes in outflow gradient produced by
these laboratory provocations as a result of similar physio-
logic and hemodynamic mechanisms.
Clinical observations at our institution, however, showed
that during bicycle ergometry in patients with obstructive
hypertrophic cardiomyopathy, the systolic heart murmur
characteristic of left ventricular outflow obstruction did not
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cise was completed (average 83.5 ± 11.4 mm Hg, range 10 to 130;
P < 0.001), while arterial blood pressure, heart rate and cardiac
index closely approached basal levels and total peripheral vascular
resistance increased.
In contrast to previous assumptions regarding the behavior of
the outflow gradient in hypertrophic cardiomyopathy, obstruction
to left ventricular outflow increases after rather than during
supine exercise. Rapid changes in preload during recovery repre-
sent the most likely explanation for the postexercise development
of outflow obstruction. New considerations regarding the mecha-
nisms of sudden cardiac death and the therapeutic approach in
patients with hypertrophic cardiomyopathy may result from this
pathophysiologic observation.
(J Am Coli CardioI1992;19:527-33)
increase in magnitude concomitant with exercise, suggesting
that obstruction did not increase during dynamic exercise.
Therefore, we examined this question in 10 patients with
obstructive hypertrophic cardiomyopathy, We believe that
understanding this phenomenon could have important impli-
cations with regard to the pathophysiology of outflow ob-
struction and the mechanisms of syncope and sudden car-
diac death.
Methods
Study patients (Table 1). The study group consisted of 10
consecutive patients (6 men and 4 women) with obstructive
hypertrophic cardiomyopathy diagnosed by standard echo-
cardiographic criteria (9-11) (typical subaortic obstruction
due to mitral valve systolic anterior motion, that is, without
mid-ventricular obstruction [12]) admitted to our hospital
between October 1988 and February 1990 for invasive eval-
uation. Their age ranged from 27 to 65 years (mean 49.4).
The majority of patients had moderate to severe symptoms:
six were in New York Heart Association functional class III
(five subsequently underwent septal myotomy/myectomy),
three were in functional class II and one was asymptomatic.
Cardiac medications, mainly beta-adrenergic and calcium
channel blockers, were discontinued in all patients 48 to 72 h
before the study.
The patients were classified as having obstruction by the
presence of a left ventricular outflow tract gradient
;:::30 mm Hg during cardiac catheterization under basal
0735-1097/92/$5.00
528 KLUES ET AL.
PRESSURE GRADIENT IN HYPERTROPHIC CARDIOMYOPATHY
lACC Vol. 19, No.3
March I. 1992:527-33
Table 1. Clinical, Echocardiographic and Hemodynamic Findings in 10 Patients With Obstructive Hypertrophic Cardiomyopathy
Echocardiographic Measurements
LV·SA PSG (mm Hg)
Age (yr)/ NYHA VS Thickness LVED LV (s/d)
PI No. Gender Class (mm) (mm) SAM Basal Provoked (mmHg) MR M+M
1 271M I 24 40 4+ 65 100 165/12 1+ +
2 33/F III 18 40 3+ 50 120 160/10 1+ +
3 41/M III 30 44 4+ 89 175 165/19 2+ +
4 47IM II 20 48 2+ 15 125 115/15 2+
5 49IM III 24 39 2+ 30 150 180/13 3+
6 50/M II 19 42 0 100 125/15 1+
7 56/M III 17 44 2+ 25 120 130/12 2+ +
8 63/F III 18 43 10 75 150/06
9 63/F II 20 38 3+ 75 175 200/22 3+
10 65/F III 30 30 1+ 15 160 130/OS 1+ +
d = diastolic; F = female; LV = left ventricle; LVED = left ventricular end-diastolic dimension; LV-SA = left ventricle to systemic artery; M = male;
M+M= ventricular septal myotomy/myectomy; MR = mitral regurgitation; NYHA Class = New York Heart Association functional class; PSG = peak systolic
gradient; PI = patient; s = systolic; SAM = systolic anterior motion of the mitral valve; VS = ventricular septum; + = present; - = absent.
conditions or during a provocative maneuver (that is, Val-
salva maneuver or postextrasystolic augmentation, or both).
All patients were studied during normal sinus rhythm. Mitral
regurgitation during angiography was judged to be moderate
to severe in six patients, mild in two and absent in two.
Study protocol. After all patients had given written in-
formed consent, they underwent invasive and simultaneous
measurement of the following hemodynamic variables: 1)
peak to peak pressure gradient between the left ventricular
cavity and left ventricular outflow tract or ascending aorta;
2) pulmonary artery pressures; 3) pulmonary capillary wedge
pressure; and 4) arterial blood pressure.
The left ventricular pressure gradient was measured
utilizing a fluid-filled double lumen 8F pigtail catheter in-
serted from the right brachial artery in two patients and two
5F pigtail catheters inserted separately from the right femo-
ral artery in the other eight patients. The distal catheter
lumen was carefully placed in the distal left ventricular apex,
but was still freely mobile in a blood-filled area, to obtain a
stable position during exercise and to avoid arrhythmias to
the greatest possible extent. The proximal lumen was placed
in the subaortic left ventricular outflow tract; however, if no
stable catheter position could be achieved, it was placed in
the ascending aorta. Catheter entrapment was ruled out by
previously established criteria (11,13). The catheter position
was controlled before and immediately after exercise by
fluoroscopy to ensure a correct and unchanged position.
Right heart catheterization was performed with use of a
5F Swan-Ganz catheter inserted either from the left antecu-
bital vein (two cases) or right femoral vein (eight cases). The
catheter remained in the pulmonary artery for continuous
monitoring of pulmonary artery pressures and to obtain
blood samples for calculating cardiac output by the direct
Fick method. Oxygen uptake was measured (with use of an
Oxycon Oxyscreen, Jager GmbH) before, during and after
identical supine exercise the previous day. All pressures
were sampled by calibrated Statham P23ID strain gauge
manometers and the tracings were simultaneously recorded
at a paper speed of 100 mm/s with use of a multichannel
recorder. After a rest period of about 10 min, supine bicycle
exercise was performed at a fixed work load of75 Wover a
period of 5 min.
The pressure gradient across the left ventricular outflow
tract per beat was defined and measured as the difference
between the peak left ventricular chamber and peak left
ventricular outflow tract or aortic systolic pressures ob-
tained from three to five representative (not necessarily
consecutive) beats throughout the respiratory cycle. Only
sinus beats were analyzed with the exclusion of postextra-
systolic beats and technical artifacts. Vascular resistance
(total pulmonary and systemic vascular resistance) was
calculated from the mean pulmonary artery pressure and
mean systemic blood pressure divided by cardiac output.
The pressure gradient, arterial blood pressure and heart
rate were assessed every minute until 5min after completion
of exercise. Pulmonary artery and wedge pressures, cardiac
index and vascular resistance were obtained at rest and
during the 5th min of exercise and the 3rd min of recovery.
Statistical analysis. Data were expressed as mean values
± SEM unless otherwise stated. Analysis of variance for
repeated measures was used to compare data obtained under
basal conditions and during exercise and recovery. Ap value
< 0.05 was considered statistically significant.
Results
Rest hemodynamics (Table 1). The left ventricular out-
flow tract gradient under basal conditions ranged from 0 to
89 mm Hg (mean 37.4 ± 9.6). A higher gradient was elicited
by provocative maneuvers (Valsalva maneuver or postextra-
systolic augmentation, whichever resulted in the largest
gradient) and ranged from 75 to 175 mm Hg (mean 130 ± 31).
No patient had an abnormal arterial blood pressure at rest
(mean systolic pressure 120 ± 23.2 mm Hg; mean diastolic
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Figure 1. Behavior of mean left ventricular outflow tract (~VOT)
pressure gradient in 10 patients with obstructive hypertrophic car-
diomyopathy under basal conditions and during exercise and recov-
ery.
Figure 3. Behavior of systolic (syst.) and diastolic (diast.) arterial
blood pressure (BP) and heart rate (HR) in obstructive hypertrophic
cardiomyopathy under basal conditions and during exercise and
recovery.
pressure 67.5 ± 12.9 mm Hg). The cardiac index at rest
varied between 2.8 and 5.4 liters/min (mean 4 ± 0.9). Right
heart pressures showed a mean pulmonary artery pressure of
17 ± 2 mm Hg (range 11 to 32) and a mean pulmonary artery
wedge pressure of 10.7 ± 1.7 mm Hg (range 6 to 23). The
mean total pulmonary vascular resistance was 88.6 ± 12
dynes/s'cm-5 and mean total systemic vascular resistance
995.8 ± 95 dynes/s·cm-5•
Exercise and postexercise hemodynamics. There was no
significant change in the left ventricular outflow tract gradi-
ent between basal conditions and the 5th min of exercise
(37.4 ± 9.6 vs. 29.6 ± 10 mm Hg; p == NS) (Fig. 1). During
recovery, however, the mean gradient increased rapidly to
69.3 ± 15 mm Hg (range 10 to 150) after the 1st min, 83.5 ±
11 mm Hg (range 10 to 150) after the 3rd min (p < 0.001) and
58.9 ± 14 mm Hg (range 10 to 147) after the 5th min (Fig. 2).
Only one patient showed a slight and transient increase in
gradient (of 15 mm Hg) during the 3rd min of exercise. All
other patients demonstrated homogeneous behavior without
marked changes in outflow obstruction during exercise. In
the majority (6 of 10 patients) the highest gradient was
achieved during the 3rd min of recovery. One patient devel-
oped a very rapid increase (with a maximum in the 1st min of
recovery) and three patients had a slower increase (with a
maximum during the 5th min of recovery). However, all
patients showed virtually an immediate increase in outflow
obstruction <30 s after terminating exercise. It is of special
interest that in the case of a ventricular premature beat
during exercise, postextrasystolic augmentation of the pres-
sure and the corresponding pressure gradient persisted.
Systolic and diastolic arterial blood pressure and heart
rate (Fig. 3) increased significantly during exercise. Both
decreased to almost their basal levels within the 5th min of
recovery.
Cardiac index (Fig. 4) increased during exercise by 75%
from 4 ± 0.9 liters/min per m2 at rest to 7 ± 1liters/min per
m2 during the 5th min of exercise (p < 0.001). No patient
showed reduced cardiac output at rest, whereas the increase
during exercise ranged from 60% to 100%. During the 3rd
min of recovery, cardiac index decreased to 4.8 ± 1 liters/
min per m2 (p < 0.001) at a time when the pressure gradient
had reached its maximum.
Figure 2. Individual changes in left ventricular outflow tract
(LVaT) pressure gradient in 10 patients with obstructive hyper-
trophic cardiomyopathy under basal conditions and during exercise
and recovery.
Figure 4. Behavior of cardiac index (ell in obstructive hypertrophic
cardiomyopathy under basal conditions and during exercise and
recovery.
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imum after exercise when total systemic vascular resistance
had already increased (790.5 ± 86.6 dynes/s·cm-s; p <
0.05).
Discussion
Several studies (2-8) have demonstrated that the hemo-
dynamics of left ventricular ejection in obstructive hyper-
trophic cardiomyopathy are complex and depend on several
morphologic and hemodynamic variables. The magnitude of
the left ventricular outflow tract gradient varies considerably
because of alterations in systemic blood pressure, myocar-
dial contractility and ventricular volume. In the 1960s,
several provocative maneuvers that influence one or more of
these hemodynamic variables were established for routine
diagnostic catheterization. Thus, the Valsalva maneuver
amyl nitrite inhalation, isoproterenol infusion and inductio~
of premature ventricular beats (3,5-7) may augment a rest
gradient or induce a gradient in patients without outflow
obstruction under basal conditions. However, one major
reservation regarding these maneuvers is that they may not
reflect the complex hemodynamic changes that occur during
normal physiologic exercise. However, most previously
published studies (3,5-7) on the behavior of the left ventric-
ular outflow tract gradient during provocation have used
these maneuvers, suggesting that they represent physiologic
mechanisms virtually identical to exercise. Thus, the pur-
pose of the present study was to examine the effects of
physiologic exercise on left ventricular outflow tract ob-
struction in patients with obstructive hypertrophic cardio-
myopathy.
Effect of exercise on the outflow tract gradient. None of
our 10 study patients exhibited a significant increase in left
ventricular outflow tract gradient during supine exercise.
Nevertheless, they had a significant increase in arterial blood
pressure, heart rate and cardiac index associated with a
reduction oftotal peripheral vascular resistance. However, a
substantial and abrupt increase in gradient did occur (in 9 of
10 patients) only after exercise was completed; simulta-
neously, arterial blood pressure, heart rate and cardiac index
returned almost to basal levels and total peripheral vascular
resistance increased. These hemodynamic changes were
similar among 9of the 10 patients who showed an increase in
left ventricular outflow tract gradient ranging from 10 to
150 mm Hg. The increase in subaortic obstruction started
immediately after exercise was completed. Most (6 of 10)
patients achieved maximal obstruction during the 3rd min of
recovery. Only one patient (Patient 8) with a rest gradient of
only 10 mm Hg showed no change in outflow obstruction
during or after exercise.
Great care was taken during and after the exercise
protocol to prevent catheter entrapment and to eliminate
artifactual measurements (13). The correct catheter position
was repeatedly checked before and immediately after ergo-
metry.
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Figure 6. Behavior of total pulmonary vascular resistance (TPR)
and t?tal sy~temic vascular resistance (TSR) in obstructive hyper-
trophIC cardIOmyopathy under basal conditions and during exercise
and recovery.
Figure 5•. Behavior of pulmonary artery pressure (PAP) and pulmo-
nary. capillary wedge pressure (peW) in obstructive hypertrophic
cardIOmyopathy under basal conditions and during exercise and
recovery.
Stroke volume increased slightly during exercise from
100 ± 29 to 107 ± 20 ml and decreased slightly below its
basal level after exercise (91 ± 12 ml); the differences among
the three measurements did not achieve statistical signifi-
cance.
The mean pulmonary artery and capillary wedge pres-
sures (Fig. 5) both increased by >100%, from 17 ±
2.1 mm Hg at baseline to 36.7 ± 3.7 mm Hg during peak
exercise (p < O.OOl) and from 10.7 ± 1.7 mm Hg at baseline
to 24.1 ± 2.4 mm Hg during peak exercise (p < O.ool),
respectively. Mter exercise and during recovery, both pres-
sures decreased rapidly, but this decrease did not achieve
the basal levels (pulmonary artery pressure 22.9 ±
2.3 mm Hg [p < 0.001]; pulmonary capillary wedge pressure
16.1 ± 1.5 mm Hg [p < 0.01]).
Total pulmonary vascular resistance (Fig. 6) increased
slightly from 88.6 ± 12.5 dynes/s'cm-s at rest to 105 ±
12 dynes/s'cm-s during exercise (p < 0.05). Total systemic
vascular resistance showed a marked decrease from 995.8 ±
94.6 to 686.5 ± 45.5 dynes/s'cm-s (p < O.OOl). Therefore,
the left ventricular outflow tract gradient achieved its max-
lACC Vol. 19, No.3
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Mechanisms of augmented outflow obstruction at exercise.
The left ventricular outflow tract obstruction that occurred is
most likely explained by rapid alterations in preload after
exercise.. The increases in pulmonary artery pressure and
pulmonary capillary wedge pressure during exercise prevent
a reduction in left ventricular volume and outflow tract area
and thereby also prevent an increase in obstruction despite
increased contractility, heart rate and cardiac index and a
simultaneous reduction in peripheral vascular resistance.
Termination of exercise in patients with hypertrophic car-
diomyopathy leads to a rapid decrease in venous blood
return to the heart, which may be even more pronounced
than in normal subjects (14), followed by a reduction in
preload and left ventricular volume and consequently an
increase in the gradient. A possible alternative mechanism
potentially responsible for the augmentation of obstruction
during recovery is an increase in contractility during recov-
ery caused by the higher and persistent levels of catechol-
amines released during exercise (15,16).
Previous studies. To our knowledge, only two other
groups (17,18) have invasively studied the behavior of left
ventricular outflow tract obstruction in hypertrophic cardio-
myopathy. Braunwald et al. (17) studied 14 patients during
cardiac catheterization also utilizing supine bicycle ergome-
try. In contrast to our data, they were able to show a
pronounced increase in peak to peak pressure gradient
during exercise in 50% of their patients. Postexercise gradi-
ents were reported in only 9 of the 14 patients, 6 of whom
showed an increase during recovery, including 5 with no
increase in outflow obstruction during exercise. Differences
between our results and those reported by Braunwald et al.
(17) may well be related to the variability among patients
with hypertrophic cardiomyopathy or the different study
protocols; for example, different time points of hemody-
namic measurements could be responsible for the diverse
results.
Our results are supported by those of Grbic et al. (18),
who also found no increase in subaortic obstruction during
supine bicycle ergometry and a substantial increase 5 min
after exercise. A significant decrease during exercise may be
explained by a shorter rest period before exercise.
Another study (19) using a noninvasive Doppler echocar-
diographic approach also found an increase in left ventricu-
lar outflow tract gradient measured on completion of exer-
cise. Using the same Doppler technique, we were not able to
confirm these data (20). It is possible that measurement
problems during exercise and technical limitations of the
Doppler technique (such as misinterpretation of a mitral
regurgitant jet as outflow tract obstruction, especially during
exercise and in the early recovery phase) have an important
influence on outcome. Nevertheless, these results could also
demonstrate a broad spectrum of diverse hemodynamic
findings in hypertrophic obstructive cardiomyopathy.
Limitations. One limitation of studies such as ours is the
utilization of a supine position with legs elevated during
exercise because this posture can be expected to increase
preload more than does the upright position (21). However,
our experience with hypertrophic cardiomyopathy suggests
that these differences may not importantly influence the
exercise-induced outflow gradient. Indeed, we initiated our
study because of our observation that during upright bicycle
ergometry the systolic ejection murmur increased not during
but immediately after exercise.
Clinical implications. The clinical significance of our
finding that the outflow gradient in hypertrophic cardiomy-
opathy increases immediately after rather than during exer-
cise may be related to the mechanisms of syncope and
sudden cardiac death in this disease. One possible mecha-
nism is related to the occurrence of myocardial ischemia
during the early recovery phase. Until now, it was generally
assumed that the degree of ischemia is highest during exer-
cise (22-25). However, our findings suggest that the increase
in left ventricular outflow obstruction during the early recov-
ery phase (despite a simultaneous decrease in arterial blood
pressure and heart rate) may further intensify the myocardial
oxygen demand. Measurement of absolute intraventricular
systolic pressure during and after exercise showed that this
pressure remained almost constant at least until the 5th min
of recovery (the time period of our measurements), whereas
arterial blood pressure, heart rate and cardiac output already
approached basal levels during the 3rd min of recovery. This
gap between persistent high myocardial oxygen demand and
limited supply may well be able to provoke substantial
ischemia and secondarily induce malignant arrhythmias,
especially on the basis of intrinsically abnormal coronary
arteries as part of the cardiomyopathic disease process
(26,27).
Although ventricular tachycardia has been frequently
reported (28-31) as a cause of syncope and sudden cardiac
death, the clinical importance of rapid changes in filling
volume and pressure have been appreciated only recently
(32-35). Our findings suggest that the rapid decrease in
preload during the early recovery phase leads to a significant
reduction in left ventricular volume (and outflow tract area)
and possibly, in a subgroup of patients, to a critical decrease
in cardiac output. These events may well be able to induce
syncope either directly on the basis of low cardiac output or
secondarily by provoking ischemia and inducing malignant
arrhythmias predominantly in patients with increased elec-
trical instability or vulnerability. These findings also corre-
late with our clinical experience that patients with hyper-
trophic cardiomyopathy often report symptoms (angina,
syncope) after rather than during exercise. Analyses of
sudden cardiac death have revealed that at least an impor-
tant subset of episodes occurred immediately after strenuous
activity (28), whereas other investigators (36) did not distin-
guish whether death occurred during or immediately after
exercise. Our data, however, show how important this
distinction is because the increase in gradient occurred
within seconds after the end of exercise.
The lack of augmentation of outflow tract obstruction
during ergometry also raises an interesting question concern-
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ing the temporal relation of symptoms and gradient in
hypertrophic obstructive cardiomyopathy, indicating that
the relief of dyspnea during exercise and reduction of
elevated end-diastolic left ventricular pressures (13,37,38)
are not necessarily caused by the operative relief of obstruc-
tion. The beneficial effect ofmyotomy/myectomy may rather
be related to an improvement in diastolic filling characteris-
tics. This would suggest that patients with the nonobstruc-
tive form of the disease (39-44) also could benefit from
operation by virtue of removing substantial portions of
muscle. This proposal, however, is hypothetical and has not
been investigated in a systematic way. It may well be that
standard myotomy/myectomy designed to remove muscle
from the basal septum is not feasible in patients with
nonobstructive disease.
Conclusions. Our finding that left ventricular outflow
obstruction in hypertrophic cardiomyopathy increases after
rather than during exercise provides new insight into the
pathophysiology of outflow tract obstruction and may have
important clinical implications.
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